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Description 



SUICIDE PROXIMITY STRUCTURES FOR 
CMOS DEVICE PERFORMANCE 
IMPROVEMENTS 

Background of Invention 

[0001] The invention generally relates to methods for manufac- 
turing a semiconductor device with improved device per- 
formance, and more particularly to methods for manufac- 
turing semiconductor devices which impose tensile and 
compressive stresses in the substrate of the device during 
device fabrication. 

[0002] Mechanical stresses within a semiconductor device sub- 
strate can modulate device performance. That is, stresses 
within a semiconductor device are known to enhance 
semiconductor device characteristics. Thus, to improve 
the characteristics of a semiconductor device, tensile and/ 
or compressive stresses are created in the channel of the 
n-type devices (e.g., NFETs) and/or p-type devices (e.g., 
PFETs). However, the same stress component, either ten- 



sile stress or compressive stress, discriminatively affects 
the characteristics of an n-type device and a p-type de- 
vice. 

[0003] | n order to maximize the performance of both NFETs and 
PFETs within integrated circuit (IC) chips, the stress com- 
ponents should be engineered and applied differently for 
NFETs and PFETs. That is, because the type of stress which 
is beneficial for the performance of an NFET is generally 
disadvantageous for the performance of the PFET. More 
particularly, when a device is in tension, in the direction of 
current flow in a planar device, the performance charac- 
teristics of the NFET are enhanced while the performance 
characteristics of the PFET are diminished. To selectively 
create tensile stress in an NFET and compressive stress in 
a PFET, distinctive processes and different combinations 
of materials are used. 

[0004] For example, a trench isolation structure has been pro- 
posed for forming the appropriate stresses in the NFETs 
and PFETs, respectively. When this method is used, the 
isolation region for the NFET device contain a first isola- 
tion material which applies a first type of mechanical 
stress on the NFET device in a longitudinal direction 
(parallel to the direction of current flow) and in a trans- 



verse direction (perpendicular to the direction of current 
flow). Further, a first isolation region and a second isola- 
tion region are provided for the PFET and each of the iso- 
lation regions of the PFET device applies a unique me- 
chanical stress on the PFET device in the transverse and 
longitudinal directions. 

[0005] Alternatively, liners on gate sidewalls, have been proposed 
to selectively induce the appropriate strain in the channels 
of the FET devices (see Ootsuka et al., IEDM 2000, p. 575, 
for example). By providing spacers or liners, the appropri- 
ate stress is applied closer to the device than the stress 
applied as a result of the trench isolation fill technique. 

[0006] while these methods do provide structures that have ten- 
sile stresses being applied to the NFET device and com- 
pressive stresses being applied along the longitudinal di- 
rection of the PFET device, they may require additional 
materials and/or more complex processing, and thus, re- 
sulting in higher cost. In addition, in the methods de- 
scribed above, for example, the stresses in the channel 
are relatively moderate (i.e., for example, about 200 to 
about 300 MPa), which provide approximately a 10% ben- 
efit in device performance. Thus, it is desired to provide 
more cost-effective and simplified methods for creating 



stronger tensile and compressive stresses in the channels 
NFETs and PFETs, respectively. It is further desired to cre- 
ate larger tensile stresses in the channels of the NFETs 
than the tensile stresses created as a result of the known 
processes described above. 
Summary of Invention 

[0007] | n the first aspect, this invention provides a method for 

manufacturing an integrated circuit comprising a plurality 
of semiconductor devices including an n-type field effect 
transistor and a p-type field effect transistor on a silicon 
wafer by creating a first spacer and a second spacer on 
the n-type field effect transistor and on the p-type field 
effect transistor. At least a portion of the first spacer is 
removed from the p-type field effect transistor, and sili- 
cide forming material is deposited on the p-type field ef- 
fect transistor and the n-type field effect transistor, such 
that tensile mechanical stresses are formed within a chan- 
nel of the n-type field effect transistor and compressive 
mechanical stresses are formed within a channel of the p- 
type field effect transistor. 

[0008] | n a second aspect, this invention separately provides a 
method for manufacturing an integrated circuit compris- 
ing a plurality of semiconductor devices including an n- 



type field effect transistor and a p-type field effect tran- 
sistor on a semiconductor wafer by creating a spacer hav- 
ing a first width for the n-type field effect transistor. A 
spacer is created having a second width for the p-type 
field effect transistor, the first width being greater than 
the second width. Silicide forming material is deposited 
on the semiconductor wafer such that tensile mechanical 
stresses are formed within a channel of the n-type field 
effect transistor and compressive stresses are formed 
within a channel of the p-type field effect transistor. 
Brief Description of Drawings 

[0009] Figure 1 depicts desired stress states for PFETs and 
NFETs; 

[0010] Figures 2(a) through 2(f) depict a process for forming 
stresses in MOSFETs according to the invention; 

[° 011 ] Figure 3 depicts stresses in a silicon structure after de- 
positing silicide material on a FET according to the inven- 
tion; 

[0012] Figure 4 depicts stresses in a silicon structure after de- 
positing silicide material on a PFET according to the in- 
vention; and 

[0013] Figure 5 illustrates the locations of the stresses in an NFET 
and a PFET device according to the invention. 



Detailed Description 



[0014] The invention provides a method for fabricating devices 
with improved performance characteristics. The invention 
relates to the improved characteristics of a device. Gener- 
ally, silicidation is known to create significant stresses in 
the silicon and that stress distributions resulting from sili- 
cidation are highly nonuniform. These properties of silici- 
dation are used by the invention to control the stresses in 
complimentary metal oxide semiconductor (CMOS) PFETs 
and NFETs. In an embodiment of the invention, different 
spacer widths and undercut combinations are used to 
modulate silicide distances in order to control the stress 
in the channels of NFET and PFET devices. 

[0015] | n the methods and devices according to the invention, 
the stresses are self-aligned to the gate. In the devices 
formed with the isolation induced stress structures, the 
stresses are not self-aligned to the gate. In addition, in 
the methods and devices according to the invention, the 
stress levels attained under the gate in the silicon are 
much larger than the isolation-based or spacer-based or 
liner-based approaches. For example, stress of about a 
few hundred MPa to about a few GPa in the silicon under 
the gate may be attained according to the invention. 



[0016] Figure 1 illustrates desired stress states for improving the 
performance of PFETs and NFETs (see Wang et al., IEEE 
Trans. Electron Dev., v.50, p.529, 2003). In Figure 1, an 
NFET and a PFET are shown to have a source region, a 
gate region and a drain region. The NFET and PFET are 
shown to have arrows extending outward from the active 
area to illustrate tensile stresses. The arrows extending 
inward toward the PFET device are illustrative of compres- 
sive forces. More specifically, the outwardly extending ar- 
rows, shown extending from the NFET, illustrate a tensile 
stress that is desired in the transverse and longitudinal 
directions of the device. Similarly, the inwardly extending 
arrows, shown with relation to the PFET, illustrate a de- 
sired longitudinal compressive stress. The range of 
stresses typically desired to influence device drive cur- 
rents is on the order of about a few hundred MPa, such as, 
for example 500MPa, to about a few CPa, such as, for ex- 
ample 3GPa. The width and the length of the active area of 
each device is represented by "Wand "L", respectively. It 
should be understood that each of the longitudinal or 
transverse stress components can be individually tailored 
to provide the performance enhancements for both de- 
vices (i.e., the NFET and the PFET). 



[0017] Figures 2(a) - 2(f) generally illustrate an exemplary pro- 
cess for forming an integrated circuit with p-type and n- 
type semiconductor devices. Figures 2(a) through 2(d) ex- 
plain processes that are known, and thus any known ap- 
plicable processes may be used. Figure 2(a) illustrates the 
structure after shallow trenches 5 (STI) are formed. A SOI 
(silicon-on-insulator) wafer which has a stack of silicon 1, 
buried oxide 2, and a silicon layer 3 is used. Figures 2(a) 
through 2(j) depict a general exemplary process for form- 
ing the MOSFETs according to this invention. Figures 2(a) 
through 2(d) explain processes that are known, and thus 
any known applicable processes may be used. Figure 2(a) 
illustrates the structure after shallow trenches 5 (STI) are 
formed. A SOI (silicon-on-insulator) wafer which has a 
stack of silicon 1, buried oxide 2, and a silicon layer 3 is 
used. 

[0018] Generally, to form the STI on SOI wafers, a thin (~50A) 
layer of silicon dioxide Si0 2 (pad oxide) (not shown) is 
grown on the silicon layer 3, which is on the buried oxide 
layer 2 on the silicon substrate 1, by reacting silicon and 
oxygen at high temperatures. A thin layer (about lOOOAto 
about 2500A) of pad silicon nitride (Si N ) (not shown) is 

3 4 

then deposited using chemical vapor deposition (CVD). 



Next, the patterned photoresist with a thickness of about 
0.5 to about 1.0 microns is deposited, and the structure is 
exposed and developed to define the trench areas 5. Next, 
the exposed SiO and the Si N are etched using reactive 
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ion etching (RIE). Next, an oxygen plasma is used to burn 
off the photoresist layer. A wet etch is used to remove the 
pad Si N and pad oxide. Then, an oxide layer is de- 
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posited to fill the trenches and the surface oxide is re- 
moved using chemical mechanical polishing (CMP). This 
completes the formation of STI as seen in Figure 2(a). 
[0019] Next, a sacrificial oxide (not shown) of about 50A is 

grown on the silicon. Then, as shown in Figure 2(b) an n- 
well 10 and a p-well 12 are formed. Patterned photoresist 
layers are used to successively form the n-well 10 (using, 
for example, multiple implants of Phosphorous ions) and 
the p-well 12 (using, for example, multiple implants of 
Boron ions). The well implants 10 and 12 are then option- 
ally annealed. The sacrificial oxide layer is then removed 
using a wet HF solution, such that a clean silicon surface 
is left behind. 

[0020] Next, as shown in Figure 2(b), a gate oxide layer 14 of 

about lOAto about lOOAis grown. On the gate oxide layer 
14, a polysilicon layer 16 is deposited using CVD to a 



thickness of about 500Ato about 1500Ato form the gate 
electrodes 18 and 20 shown in Figure 2(c). Patterned pho- 
toresist layers (not shown) are used to define the gate 
electrodes. RIE is used to etch the exposed portions of the 
polysilicon layer 16 and the photoresist patterns are 
stripped away in order to complete formation of the gate 
stack of the n-type transistor 17 and the gate stack of the 
p-type transistor 19. 

[0021] Figure 2(c) shows the formed gate electrodes 18 and 20. A 
thin layer of oxide 15 is then grown on the remaining 
polysilicon. Patterned photoresist layers (not shown), 
which are later removed, are used to successively tip (and 
halo countering doping implants) implant the n-type and 
p-type transistors. For n-type transistors, a very shallow 
and low dose implant of arsenic ions, for example, may be 
used to form the p-tip 22 (while a Boron implant, for ex- 
ample, may be used for halos). For p-type transistors, a 
very shallow and low dose implant of BF 2 ions, for exam- 
ple, may be used to form n-tip 24 (while an arsenic im- 
plant may, for example, be used for halos). 

[0022] still referring to Figure 2(c), oxide spacers 26 are formed 
by depositing a oxide material via oxidation. After oxida- 
tion is performed, the oxide is etched using a mask (not 



shown) to form the oxide spacers 26. The oxide along the 
edge of the gates forms an oxide spacer 26 which helps 
prevent a short between the gate of the NFET and PFET 
and the diffusions of the respective devices. Next, as 
shown in Figure 2(d), nitride layer (not shown) using CVD 
to a thickness of about lOOAto about lOOOAand then 
etching the nitride from the regions other than the side- 
walls of the gate to form nitride spacers 27. 

[0023] Patterned photoresist layers (not shown), which are re- 
moved prior to the next stage of the process, are used to 
successively create the source/drain regions of the tran- 
sistors. In Figure 2(d), for the n-type transistors, a shallow 
and high-dose of arsenic ions, for example, may be used 
to form the source/drain regions 28 while the p-type 
transistors are covered with the corresponding photoresist 
layer. For the p-type transistors, a shallow and high dose 
of BF 2 ions, for example, may be used to form the source/ 
drain regions 30 while the n-type transistors are covered 
with the corresponding photoresist layer. An anneal is 
then used to activate the implants. 

[0024] | n methods according to the invention, the NFET devices 
are masked while at least a portion of the oxide remaining 
on the PFET devices is etched. In the structure shown in 



Figure 2(e), the NFET device is masked, using a mask (not 
shown) while the oxide on the PFET device is subjected to 
further etching. In particular, the mask covers the NFETs 
so that the oxide 25 of the oxide spacer 26 below the ni- 
tride spacers 27 of the NFET is maintained while at least a 
portion of the oxide 25 of the oxide spacer 26 below the 
nitride spacers 27 of the PFET is removed, via, for exam- 
ple, etching. The resulting structure is shown in Figure 
2(h), which illustrates that at least a portion of the oxide 
below the nitride spacer 27 of the PFET is removed while 
the oxide spacer 25 below the nitride spacer 27 of the 
NFET is maintained. The mask covering the NFETs is then 
removed. 

[0025] jhe oxide undercut region can be typically about 20nm to 
about 50nm from the edge of the spacer. In that case, the 
PFET silicide would then be closer to the channel by about 
20nm to about 50nm. The silicide to NFET gate distance is 
the same as the spacer width which is about 20nm to 
about lOOnm. The standard photoresist mask technique is 
used to mask the NFET while etching the oxide undercut 
for the PFET. 

[0026] Next, as shown in Figure 2(f), silicide material 38 having a 
thickness of about 30Ato about 200Ais deposited on the 



silicon. The deposited material fills the space below the 
nitride spacer of the PFET. As a result, the deposited ma- 
terial is closer to the gate region of the PFET device than 
the gate region of the NFET device. Metal, such as, for ex- 
ample, Co, HF, Mo, Ni, Pd 2 , Pt, Ta, Ti, W, and Zrmay be 
used and the metal may be deposited over the wafer via, 
for example, evaporation, sputtering, or CVD techniques. 
The silicide is formed through a high temperature reac- 
tion. The silicide is closer to the PFET gate by a distance 
that the oxide is undercut. 
[0027] Then, the structure is heated to a temperatureof about 
350°C to about 800°C depending on the type of silicide 
being considered in order to allow the deposited metal to 
react with the silicon. During sintering, silicide only forms 
in the regions where the metal is in direct contact with sil- 
icon or polysilicon. In the regions, such as, the source, 
drain and gate regions, where the deposited metal is in 
contact with silicon, the deposited metal or low resistance 
material reacts with the silicon to form silicide. In the 
other regions (i.e., where the deposited metal is not in 
contact with silicon), the deposited metal remains un- 
changed. This process aligns the silicide to the exposed 
silicon and is called "self-aligned silicide"or salicide. The 



remaining unreacted metalis then removed, for example, 
with a selective etch. After the silicidation steps, standard 
processes for middle-of-the-line are used such as nitride 
liner, oxide fill, contact formation, followed by intercon- 
nect formation, etc. 

[0028] Figure 3 illustrates lateral stresses created in a silicon 
wafer from silicide growth. In particular, Figure 3 shows 
the growth of CoSi 2 , for example, in the source/drain re- 
gions of a FET. In the structure illustrated in Figure 3, the 
source and drain regions are separated by a nitride/oxide 
spacer with a width of approximately lOOnm. The dashed 
lines in Figure 3 represent tensile stress and the solid 
lines in Figure 3 represent compressive stress. As can be 
seen from Figure 3, tensile stresses are present in the 
channel area of the gate and compressive stresses are 
present in the region next to the silicide. More particu- 
larly, the stress levels in the exemplary structure shown in 
Figure 3 vary from being highly compressive next to the 
silicide for about 70nm before swinging through zero and 
becoming highly tensile under the gate. 

[0029] | n the exemplary structure shown in Figure 3, the stress 
levels in the compressive zone reach about -1.5GPa while 
the tensile stresses reach about +1.3GPa. If, for example, 



a channel of a PFET is subjected to a compressive stress of 
about -1.5GPa, the PFET would have about a 35% im- 
provement in device performance. With regard to NFET 
devices, if the channel of an NFET is subjected to a stress 
of about + 1.3GPa, the NFET would have about a 50% im- 
provement in device performance. 

[0030] | n another example, if a channel of a PFET is subjected to 
a compressive stress of about -0.9GPa, the PFET would 
have about a 20% improvement in device performance. 
Further, if a channel of an NFET is subjected to a tensile 
stress of about +l.lGPa, the NFET would have about a 
42% improvement in device performance. 

[0031] | n the invention, the characteristics of the stresses created 
in the silicon are used to create the desired stresses (i.e., 
tensile or compressive) in the channel of the device. Fig- 
ure 3 shows that the extent of a compressive zone and 
tensile zone in the wafer depends on the distance be- 
tween the silicide and the gate edge. Thus, in the inven- 
tion the width of the spacers along with the characteristics 
of the stresses, as discussed above, are used to create re- 
gions with the desired stresses (i.e., tensile or compres- 
sive) in the channel of the device. 

[0032] | t should be understood that this invention is readily ap- 



plicable to bulk or layered SiGe substrates. It should also 
be understood that this invention may also be used with 
damascene gate structures, which have been proposed for 
use of high k dielectric gate oxides. 
[0033] | n the structure shown in Figure 3, the silicide material is 
present in the region beyond the spacer and tensile stress 
is created in the channel of the device. Thus, the spacer 
illustrated in Figure 3, which separates the silicide mate- 
rial from the gate edge by about lOOnm may be used for 
NFET devices. Accordingly, it is possible to provide silicide 
material in the region beyond a spacer, having a width of 
about lOOnm to create tensile stresses in the channel of 
the device. 

[0034] However, as shown in Figure 3, compressive stresses are 
created in the region next to the silicide material before 
transitioning into tensile stresses further from the silicide 
material. Thus, in order to create compressive stresses in 
the channels of PFET devices, the silicide should be closer 
to the gate region of the PFET devices. More particular, 
the width of the spacer illustrated in Figure 3 is too large 
for creating compressive stresses in the channel of a PFET. 
Thus, for PFET devices, spacers with smaller widths than 
the spacers for NFET devices should be used in order to 



create the desired compressive stresses in the channel of 
the device. One way to reduce the width of the spacers of 
the PFET devices is to undercut part of the spacer of PFET 
which is situated on the silicon wafer. 

[0035] Figure 4 illustrates the stresses in a silicon structure after 
depositing silicide material on a PFET according to the in- 
vention. As shown in Figure 4, in order to deposit the sili- 
cide material closer to the gate of the PFET device, a por- 
tion of the spacer situated on the silicon wafer is etched 
away. By etching away a portion of the spacer situated on 
the silicon wafer, a gap 50 is created. In the invention, the 
distance between the silicide and the gate edge is care- 
fully controlled in order to obtain the desired magnitude 
and type of stress (i.e., compressive or tensile). 

[0036] Figure 5 illustrates the locations of the stresses in an NFET 
and a PFET device according to the invention. As shown in 
Figure 5, tensile stresses "T'are present in the channel of 
the NFET and compressive stresses "C" are present in the 
channel of the PFET. Further, as shown in Figure 5, ac- 
cording to the invention, the oxide of the PFET is undercut 
in order to deposit the silicide material closer to the gate 
of the PFET in order to create the compressive stress un- 
der the gate region. As discussed above, the magnitude 



and type (i.e., compressive or tensile) can be controlled by 
varying the width of the oxide spacer and/or the extent of 
the undercut region 40 in the PFET devices. Further, by 
varying the distance between the deposited silicide mate- 
rial and the edge of the gate, it is possible to create com- 
pressive stresses C in the PFET such that the stresses in 
the channel of the PFET can be primarily compressive 
and/or completely compressive (i.e., full compression). 
Similarly, by varying the distance between the deposited 
silicide material and the edge of the gate of the NFET, it is 
possible to create tensile stresses T in the NFET such that 
the stresses in the channel of the NFET can be primarily 
tensile and/or completely tensile. 
[0037] By providing tensile stresses to the channel of the NFET 
and compressive stresses in the channel of the PFETs, the 
charge mobility along the channels of NFET devices and 
the hole mobility along the channels of the PFET devices 
are increased. Thus, as described above, the invention 
provides a method for providing tensile stresses and 
compressive stresses along the channels of NFET and PFET 
devices, respectively via silicidation. In particular, this in- 
vention controls the level of tensile stresses and compres- 
sive stresses by using different spacer widths and by de- 



positing silicide material closer to the gates of the PFETs 
than to the gates of the NFETs. 
[0038] while the invention has been described in terms of em- 
bodiments, those skilled in the art will recognize that the 
invention can be practiced with modification within the 
spirit and scope of the appended claims. 



